ABSTRACT
INTRODUCTION

The recent measurements of Cosmic Microwave Background (CMB) anisotropies, Supernovae Ia, and large-scale structure concur to confirm the ΛCDM cosmological model (see ref. 1 and refs therein). Paradoxically, this 'concordance' model relies on three ingredients whose origin and nature are unknown: dark matter (CDM), dark energy (Λ) and the fundamental field(s) driving inflation. The understanding of these ingredients is likely to revolutionalise fundamental physics. Recent ground-based observations (see refs. 2-5 and refs. therein) have started to constrain the properties of dark energy and dark matter.
Because the effect of dark energy on these two probes are very small, ground based surveys will however eventually be limited by systematics which can be circumvented by wide-field space observations.
The DUNE (Dark UNiverse Explorer) mission is a wide-field space mission concept aimed at the highprecision study of the properties dark matter and dark energy. For this purpose, DUNE will use the weak lensing technique to measure the distribution of dark matter in the universe and the impact of dark energy on the growth of structure. DUNE will also include a complementary Supernovae survey to measure the expansion history of the universe, thus giving further constraints on dark energy, independent of those from weak lensing. The DUNE concept builds upon instrumental experience from the MegaCam
6 camera installed at the CanadaFrance-Hawaii telescope and upon the weak lensing 3, 4 and supernovae 5 measurements recently performed with this instrument. DUNE is the object of an ongoing study phase led by the French Space Agency (CNES), and is being proposed for ESA's Cosmic Vision programme.
In these proceedings, we describe the mission concept developed in the course of the pre-study (phase 0) study led by CNES in 2005. After presenting the science goals and the science requirements ( §2), we describe the baseline configuration for the instrument ( §3), and for the spacecraft and mission ( §4). Perspectives and a description of ongoing studies are described in the conclusion ( §5).
SCIENCE CASE
The purpose of DUNE is to perform a high-precision study of dark matter and dark energy using weak lensing and type Ia supernovae, two complementary cosmological probes. The weak lensing technique relies on the measurement of the small distortions induced by intervening large-scale structures on the images of distant galaxies (see refs. 8, 9 for reviews). These distortions can be used to directly map the distribution of Dark
Matter, which dominates the mass in the universe, and thus to study dark energy, which affects the growth of structure (see Figure 1a) . Weak lensing measurements can also be used to measure the primordial power spectrum of density perturbations and thus, in combination with CMB measurements, constrain models of inflation. Figure 1b) .
Supernovae Ia form a homogeneous class of very luminous objects that have been shown to provide excellent distance indicators (see ref. 10 for a review) to probe the expansion rate of the universe. The relation between the apparent magnitude and the redshift of the supernovae can thus be used to constrain the geometry of the Universe and the amount and properties of dark energy (see
The following describes the science goals and requirements of the DUNE mission for each of these probes, along with simulations studies showing how these goals can be achieved with the DUNE baseline configuration.
Science Goals
The primary scientific goals of the DUNE mission are: (1) to measure the equation of state parameter w of the dark energy and its evolution w a with a precision better than 5% and 20%, respectively, in the redshift range z = 0 to 1. This will allow us to distinguish a cosmological constant model from alternative models, like quintessence with a dynamical scalar field. (2) To measure the mass power spectrum and higher order statistics along with their evolution from z = 0 to 1 from linear to non-linear scales. This will allow us to test the dark matter driven gravitational instability paradigm of cosmic structure formation. (3) to reconstruct the primordial matter power spectrum and constrain theories of inflation by their effect on the shape of the present-day dark matter power spectrum. The first science goal is best achieved using a combination of weak lensing and supernovae measurements, whereas the final two rely on measurements of large scale structure with weak lensing.
The space-based wide field surveys required to achieve the primary goals of DUNE will also provide a wealth of secondary science returns. In particular, DUNE will provide a mass-selected cluster catalogue out to z ∼ 1, a detailed description of the relation between light from galaxies and dark matter as function of redshift and scale, and a unique wide, high spatial resolution survey of galaxies. DUNE will also yield a determination of the star formation rate as a function of redshift through the measurement of core collapse supernovae rates up to z ∼ 1. The combination of the DUNE weak lensing and supernovae surveys will also provide fundamental tests of the distinction between dark energy and the modification of gravity on large scales, the gravitational instability paradigm for structure formation, and for the presence of dark energy clustering. The two cosmological probes used by DUNE. Left: Weak lensing field for a region of the sky in a CDM model simulated by Jain et al. 7 The light (dark) regions corresponds to projected over(under)-densities of the dark matter. The line segments represent the shear to which the images of background galaxies are subject. Right: Hubble diagram for the first year results of the SNLS survey 5 giving the relation between the apparent magnitude and the redshift of Type Ia supernovae. The predictions for two cosmological models, with and without a cosmological constant Λ, are shown and illustrate the sensitivity of this technique to dark energy.
Science Requirements
The instrumental and observing requirements needed to achieve the above scientific goals are summarised in of the supernovae will be derived from the properties of their multi-color light curveys. Their redshift will be obtained from differed ground-based medium-resolution spectroscopy of the host galaxies.
For the SNe survey, systematics such as malmquist bias, extinction by host galaxy, evolution of the supernovae luminosity and gravitational lensing must be controled to an average level of ∼ 2% per z = 0.1 bin. This requires precise photometry of the supernovae lightcurves in at least 3 bands from 2 weeks rest frame before maximum to about 6 weeks rest frame past maximum.
Simulations
In order to estimate the sensitivity of the DUNE baseline for weak lensing, we developped an image simulation pipeline based on skymaker * and adapted to DUNE. The simulation include observational effects such as photon and readout noise, background light, and PSF convolution. The galaxy population parameters for the simulations have been calibrated against catalogues from the GOODS survey 13 observed with the ACS instrument on HST. The simulations use the baseline instrument configuration listed in Table 2 .
Figures 2 shows the accuracy achieved by the DUNE weak lensing as estimated from the simulations and a fisher matrix calculation. The confidence contours for the matter density parameter Ω m and the dark energy parameters w n and w a are displayed using the weak lensing power spectrum tomography with 3 redshift bins. We have used the parametrisation 11, 12 of the evolution of the dark energy equation of state parameter w(a) = w n + (a n − a)w a where a n is an adjustable pivot point and a = (1 + z) −1 is the cosmic expansion parameter. . Constraints on the cosmological parameters which can be derived by the DUNE supernovae surveys as specified in the requirements. The 68%, 95% and 99% confidence contours are displayed and include statistical and systematic errors (see text for details). Left: constraints in the (Ωm, w) plane for a flat universe with no prior on Ωm, but assuming a constant w (wa ≡ 0). Right: constraints in the wa, wn plane for a flat universe with a prior of Ωm = 0.28 ± 0.03. 
INSTRUMENT BASELINE
Focal plane assembly
CCD detectors
From the science requirements ( §2.2), we see that the wavelength range that will be used spans the whole visible range. Specifically, we need detectors that have good quantum efficiency from 375nm to 950 nm. Two CCD detectors from e2v have been considered, namely the 4280 model and the 9172 model. The 4280 series of CCDs is similar to the 4290 series that was used in the MegaCam
Impact of Radiation
For the Geosynchronous Earth Orbit (GEO) which is the baseline for the mission (see §4.1 below), the most damaging radiation impacting the CCD detectors are cosmic particles (mainly protons) and particles trapped in the van Allen belts (mainly electrons). The first effect of this radiation is that the images are polluted by the "glitches" induced by ionising energy deposited in the detector pixels. To evaluate the impact of this effect, we first consider a first order calculation that neglects secondary particles created by interactions between primary particles and the detector environment. Considering the pixel size, detector geometry, the solar cycle and models for cosmic protons, we find that, at the end of each 375 seconds exposure, roughly 0.6% of pixels will be polluted by cosmic protons, which is negligeable. The same is not true for trapped particles for a spacecraft in a geosynchronous orbit. The trapped electrons are much less energetic but their flux is significantly higher than the flux of cosmic particles. While the low energy electrons can be avoided with shielding, the most energetic electrons (> 5 MeV) of the van Allen belts can still pass through a relatively thick shield (typically equivalent to 1 cm of aluminum). A detailed analysis, including the most recent radiation models and an assessment of the performances of the 'deglitching' algorithms, is crucial for assessing the impact of this effect and the required level of shielding.
The second impact of radiation is the ageing of the detectors. For CCD devices, ageing typically results in an increase in both the dark current and the number of hot pixels, and a loss in charge transfer efficiency. The latter effect can be problematic, since it affects the shape of the images of objects, which is the basis of the weak lensing measurements. Ageing is sensitive to many parameters and is strongly dependent on the technology used to manufacture the detectors. The effect has been clearly seen in the CCDs of the ACS camera (ref. 17), while the CCDs developed for the GAIA mission seem to behave fairly well in this respect, laboratory tests are required to assess the extent and impact of this effect for DUNE.
Architecture
As described in §3. 1 
MISSION AND SPACECRAFT
Mission Design
The design of the DUNE spacecraft is faced with stringent requirements on pointing stability during the observation time and on thermal stability of the focal plane. Both stability and thermal requirements impose restrictions on the selected operational orbit for the DUNE mission. The Geosynchronous Earth Orbit (GEO) is the baseline
Spacecraft Design
The spacecraft concept is shown in figure 6a and 
consists of a Payload Module (PLM) that includes the instrument (telescope and focal plane assembly) and a Service Module (SVM). The SVM design is based on the Mars
Express structure and Solar Arrays (with modified cells). The Sun Shield is controlled by the service module. The telemetry chain is based on the existing Pleiades equipments (X-band telemetry, 155 Mbits/s modulator, one 800 Gbits Solid State Mass Memory) and a fixed 30 cm high gain antenna. Telemetry and telecommand (TM/TC) is provided through standard S-band chain with two low gain antennae. A cold Gas micro-propulsion system is reused from the GAIA ESA program. A chemical propulsion system is used for coarse attitude control and manoeuvers. Two redundant Star Trackers are used with gyroscopes and sun sensors for the AOCS. A recurrent Mars Express propulsion module can also be accommodated in the option of an injection by Soyuz-ST on a transfer orbit rather than the direct GEO injection scheme. The option of HEO operational orbit would change the high-gain antenna diameter (up to 70 cm used with 15 m ground station).
The payload module makes use of Silicon Carbide (SiC) structure (see figure 6b) 
Spacecraft Pointing and Stability
CONCLUSIONS
The purpose of the DUNE mission is the high-precision study of dark matter, dark energy and the initial conditions of cosmic structure formation. The 
